THE possibility to identify genes coding for traits that are under selection in natural populations, and, given the availability of such knowledge, to subsequently study key aspects of evolutionary biology has only recently become a realistic goal (FEDER and MITCHELL-OLDS 2003; SLATE 2005; VASEMAGI and PRIMMER 2005 . Examples of questions that should be possible to address are how local adaptation relates to genotypic variation, and how genetic variation can be maintained for fitness related traits by, for instance, genotype-environment interaction (STEARNS 1992) . Various approaches may be taken to attack the missing link between genotypes and phenotypes in wild populations of non-model organisms, including candidate gene approaches (TABOR et al. 2002) , transcriptome profiling through EST sequencing (LE QUERE et al. 2004) or microarray-based hybridization (DRNEVICH et al. 2004) , genome scans for regions subject to selective sweeps (STORZ 2005) and linkage/quantitative trait loci (QTL) mapping (SLATE 2005) . To various extent, all these approaches require some prior knowledge of the genetics of the species under study, which until recently has been a major limiting factor in the case of most natural populations. This is particularly true for genetic mapping approaches where a large number of polymorphic markers have to be developed and placed on a primary linkage map.
INTRODUCTION
THE possibility to identify genes coding for traits that are under selection in natural populations, and, given the availability of such knowledge, to subsequently study key aspects of evolutionary biology has only recently become a realistic goal (FEDER and MITCHELL-OLDS 2003; SLATE 2005; VASEMAGI and PRIMMER 2005 . Examples of questions that should be possible to address are how local adaptation relates to genotypic variation, and how genetic variation can be maintained for fitness related traits by, for instance, genotype-environment interaction (STEARNS 1992) . Various approaches may be taken to attack the missing link between genotypes and phenotypes in wild populations of non-model organisms, including candidate gene approaches (TABOR et al. 2002) , transcriptome profiling through EST sequencing (LE QUERE et al. 2004) or microarray-based hybridization (DRNEVICH et al. 2004) , genome scans for regions subject to selective sweeps (STORZ 2005) and linkage/quantitative trait loci (QTL) mapping (SLATE 2005) . To various extent, all these approaches require some prior knowledge of the genetics of the species under study, which until recently has been a major limiting factor in the case of most natural populations. This is particularly true for genetic mapping approaches where a large number of polymorphic markers have to be developed and placed on a primary linkage map.
However, an increasing number of linkage maps are now being reported from natural populations of organisms such as butterflies (JIGGINS et al. 2004) , fishes (CHISTIAKOV et al. 2005) , fungi (MARRA et al. 2004) , insects (LORENZEN et al. 2005) , molluscs (HUBERT and HEDGECOCK 2004) , and amphibians (SMITH et al. 2005) . They are so far generally limited to species that can easily be bred in captivity or where sufficiently large litter sizes are being produced in natural settings, and are accessible to sampling, to allow the establishment of 5 pedigrees necessary for linkage analysis. Unfortunately, this is not the case for most species of birds. Mapping is underway in some domestic galliforms of agriculture interest, including quail (KIKUCHI et al. 2005) and turkey (REED et al. 2005) , but there are only preliminary attempts at linkage mapping in wild species (HANSSON et al. 2005) . Given the role birds play in evolutionary research, improved genetic resources like the development of detailed linkage maps are likely to open the way for advancing our understanding of the role of natural selection in wild bird populations (EDWARDS et al. 2005) .
In this study we focus on one of the most well studied avian species in evolutionary research, the collared flycatcher (Ficedula albicollis). By the standards of the field, it has become a "role model" organism for studies of, for example, life history evolution, mate choice, sexual selection and speciation (GUSTAFSSON and SUTHERLAND 1988; GUSTAFSSON and PÄRT 1990; GUSTAFSSON et al. 1995; ELLEGREN et al. 1996; SAETRE et al. 1997; QVARNSTRÖM et al. 2000 , 2006 , MERILÄ et al. 2001 VEEN et al. 2001; MICHL et al. 2002) , and this is also valid for its closely related sister species, the pied flycatcher (Ficedula hypoleuca) (ALATALO et al. 1986; MERINO et al. 1996; TAPIO and LEHIKOINEN 2000; BOTH and VISSER 2001) . For the former species, this work mainly originates from a long-term study of a Baltic Sea island population. This population, showing high philopatry, has been closely followed and monitored for fitness-related traits, including life-time reproductive success, for more than 25 years. It forms an ideal setting for searching for genotype-phenotype-function connections, provided that at least some basic knowledge of the species' genome can be obtained. In addition, natural hybridization between the two flycatcher species makes this system highly suitable for studying the genetic basis of reproductive isolation barriers.
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The recent report of a draft sequence of the chicken genome (ICGSC 2004) offers a most promising resource for the transfer of genetic information among bird species and for the study of avian evolutionary genomics (ELLEGREN 2005) . Here, we make use of chicken genomic resources to make a targeted attempt at linkage mapping in collared flycatchers. We have generated a pedigree of more than 350 birds with parentage confirmed by genetic profiling; the pedigree consists of 27 half-sib families where each male has mated with several females. In this study we specifically focus on the Z sex chromosome, according to the following. First, we evaluate the usefulness of the chicken genome sequence for developing conserved sex-linked gene markers in a distantly related bird species; chicken belongs to the order Galliformes and collared flycatcher to the order Passeriformes, these lineages split early in the radiation of neognath (non-ratite) birds, probably around 100 million years ago (van TUINEN and HEDGES 2001) . Second, we use these gene markers for the identification of single nucleotide polymorphisms (SNPs) in the collared flycatcher. Third, by collecting data for some 20,000 SNP genotypes in the pedigree (53 SNPs typed in 365 individuals), we establish a high-density, gene-based linkage map of the collared flycatcher Z chromosome. Finally, we use the flycatcher Z chromosome linkage map to address the questions of conserved synteny in avian sex chromosome evolution, and the evolution of avian recombination rates.
MATERIALS AND METHODS
Sampling and DNA extraction. Blood samples were collected from collared flycatchers breeding in nest boxes on the islands Öland and Gotland in the Baltic Sea in 2001 -2004. Approximately 10 ul blood was collected from adults and offspring by venipuncture of the 7 cutaneus ulnar wing vein with a sterile syringe. Blood was stored frozen in EDTA buffer until usage. DNA was extracted by cell digestion with proteinase K at 37°C over night, followed by three rounds of phenol-chlorophorm DNA purification. Purified DNA was precipitated with NaAc and 95% EtOH, washed once in 70% EtOH and the dried pellet was dissolved in water.
The structure of the pedigree with 365 birds is described in Supplementary Table 1 . The final linkage analysis was made for 62 litters with a total of 280 offspring, fathered by 27 males which each had mated with 2-4 females; the pedigree thus had the two-generation half-sib design.
Identification of extra pair offspring. Extra-pair paternity is known to occur in collared flycatchers (SHELDON and ELLEGREN 1999) and illegitimate offspring must obviously be excluded from linkage analysis, at least for the study of male recombination fractions.
Although extra-pair offspring (EPO) are most likely to be identified from non-Mendelian inheritance in large-scale SNP data sets, we sought to minimize the number of EPO being subject to SNP typing by first genotyping all families for five microsatellite markers (FhU2, FhU4, Mcyµ4, Pdoµ5 and Pca3) (ELLEGREN 1992; PRIMMER et al. 1996; DOUBLE et al. 1997; GRIFFITH et al. 1999; DAWSON et al. 2000) . These markers were analysed essentially following the conditions described in the original reports, using fluorescently labelled primers. Fragment length analysis was performed on a MegaBACE 96 capillary instrument using ROX size standard (Applied Biosystems), and genotypes were scored using the software Genetic Profiler (Amersham Biosciences).
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Offspring, which genotypes deviated from Mendelian expectations based on the presumed parental genotypes at two or more microsatellite loci, were excluded from further analyses.
Although retaining offspring with an incompatible genotype combination at a single locus meant that some extra-pair offspring were likely to remain after this first selection, it allowed for including offspring in the final analysis in which a microsatellite genotyping error or a microsatellite mutation had potentially occurred. Of the 344 offspring initially tested, 44 (12.8%) were identified as EPO according to microsatellite fingerprinting. From the subsequent SNP genotyping another 20 offspring were also classified as EPO, giving a total frequency of 18.6%. After removal of these 64 offspring, the final data set used in linkage analysis included 280 offspring.
Marker development and screening for SNP markers. The protocol for identification of polymorphic markers to be used in flycatcher linkage analysis was to design PCR primers from exonic sequences flanking introns of Z-linked chicken genes, amplification of the orthologous loci in flycatchers followed by SNP screening using re-sequencing of 8 unrelated male birds. We initially selected 135 candidate markers, which in each case flanked a single intron of equally many Z-linked genes. The markers were chosen on basis of (i) being evenly distributed along the chicken Z chromosome in the draft assembly Sequences were edited and aligned in Sequencher (Gene Codes Corporation) and SNPs, typically identified from overlapping forward and reverse sequencing, were scored by hand.
The obtained collared flycatcher sequences were used in BLASTN searches at Ensembl (http://www.ensembl.org/Gallus_gallus) to confirm orthology to a single region on chicken Z chromosome. SNPs to subsequently be used for pedigree genotyping were selected with preference for high frequency alleles (>20% minor allele frequency, MAF).
SNP genotyping. The 365 individuals were genotyped at each of 53 selected SNP loci using the 12-plex GenomeLab™ SNPStream® system (Beckman Coulter; (BELL et al. 2002) ). The primers for PCR and minisequencing were designed using the Autoprimer software (http://www.autoprimer.com, Beckman Coulter Inc), and are available upon request; note that these were internal primers and thus different from the exonic, chicken-derived primers (Supplementary Table 2 ) initially used for obtaining sequence information from the collared flycatcher. The overall genotype call rate was 96%, and the accuracy was 99.94 % according to duplicate analysis of 22% of the total number of genotypes (4694/21479). When possible, missing data was inferred from the genotypes of parents/offspring.
Linkage analysis. Genotype data were used to infer intra-intronic haplotypes of all individuals assuming no recombination between SNPs within introns in the single generation scored. All linkage analyses were done in CRIMAP (GREEN et al. 1990 ) using a LOD-score of 3.0 as threshold for significant linkage. Pairwise linkage analyses between all marker pairs were done using the option twopoint and a framework marker map was created with the option build. To include all linked loci in an extended build, unordered loci from the first build were tested with recurrent runs of the option flips4 until no better order could be obtained. 
RESULTS

Development of polymorphic gene markers in collared flycatchers:
Out of 135 primer pairs (corresponding to 135 different genes) designed from chicken exon sequence, 75 (55%) amplified a specific product in flycatchers and 39 (29%) of these could be readily sequenced.
We used the retrieved flycatcher sequences in BLAST searches against the chicken genome.
In the great majority of cases there was a single best hit to the expected gene on the chicken Z chromosome, indicating orthology (Table 1 ). All cases of weakly supported orthology concerned loci for which there was no or only limited exon sequence in collared flycatcher retrieved.
From re-sequencing of 18,450 bp intronic sequence in each of 8 unrelated males, a total of 126 SNPs were identified, yielding an average SNP density of one every 146 bp of Z chromosome sequence. Thirty-one introns showed at least one SNP with a MAF of >20% in the 16 chromosomes screened. Fifty-three such high-frequency SNPs from the 31 introns 12 were subsequently genotyped in the pedigree. For 22 introns initially identified to contain microsatellite sequences in chicken, none showed length polymorphism in collared flycatcher.
Generally, these introns showed little sign of remaining simple repetitive sequence in the collared flycatcher.
Linkage mapping: We collected ≈ 20,000 SNP genotypes (53 sites x 365 individuals) in a mini-sequencing platform for SNP typing. Seven SNP markers turned out to be monomorphic in the pedigree and for another three markers only 1-2 families were informative for segregation analysis; these markers were excluded from further analyses. The remaining 43
SNPs were from 23 different introns (Table 1) 
DISCUSSION
Although cytogenetic approaches, mainly cross-species fluorescense in situ hybridization with chromosome-specific probes (ZOO-FISH), have been used to study the patterns of synteny conservation in birds (SHETTY et al. 1999; GUTTENBACH et al. 2003; SHIBUSAWA et al. 2004a SHIBUSAWA et al. , 2004b ITOH and ARNOLD 2005) , genome evolution at the level of gene content and gene order across phylogenetically divergent bird lineages has so far not been investigated. A main goal of this study was therefore to analyse chicken and collared flycatcher gene maps in a comparative genomic context. An evaluation of the extent to which information on the organisation of the chicken genome can be transferred to non-model species is of significance both for future genomic studies of natural populations, and for our general understanding of avian genome evolution. Moreover, by focusing on the organisation of the Z chromosome, we can address the degree of sex chromosome conservation in a system of female heterogamety.
The latter is motivated by the fact that while there have been numerous inter-chromosomal rearrangements among autosomes during mammalian evolution (MURPHY et al. 2005) , the gene content of the X chromosome is largely conserved across all eutherian lineages (MURPHY et al. 1999; RAUDSEPP et al. 2004) . Is this a consequence of the mode of dosage compensation in mammals or is it a general feature of sex chromosomes evolution? KURODA et al. 2001; KUROIWA et al. 2002) . The observations of a heterogeneous, non-coding RNA that accumulates on the Z chromosome in the female nucleus but is heavily methylated and silent in males , and Z chromatin being enriched with hyperacetylated histones in females but not in males (BISORI et al. 2005 ), point at epigenetic mechanisms similar to that suggested to be involved with dosage compensation in other organisms. While more work is clearly needed for avian dosage compensation to be understood, the absence of Z chromosome inactivation and the difference in genetic basis for sex determination between birds and mammals indicate that conserved synteny of sex chromosomes may be a general feature of heterogametic organisms, irrespective of whether there is male or female heterogamety, or how dosage compensation is mediated.
An alternative explanation to our findings is that the high degree of conservation at the level of gene content is typical for most avian chromosomes, i.e. not being restricted to the Z chromosome. There are several lines of evidence indicating that, overall, genomic stability is higher in birds than in mammals. Comparative map data suggests that chromosomal rearrangements have occurred at a significantly lower rate in the avian than in the mammalian lineage (BURT et al. 1999; BOURQUE et al. 2005) . Moreover, studies of karyotype evolution in birds using cross-species chromosome painting probes (ZOO-FISH) have revealed extensive degree of chromosomal conservation across phylogenetically divergent lineages (SHETTY et al. 1999; GUTTENBACH et al. 2003; SHIBUSAWA et al. 2004a,b; ITOH and ARNOLD 2005) , although there are exceptions, like in birds of prey (BED'HOM et al. 2003; de OLIVEIRA et al. 2005) . This caveat is important to point out because a high genomic stability at the level of conserved synteny may incorrectly be taken to suggest that gene orders are also conserved.
Moreover, the complex nature of the rearrangements inferred in Figures 4 and 5 means that it can be difficult to predict the location of homologous genes unless detailed comparative map information is available. We finally note that conserved synteny but frequent internal rearrangements are also a hallmark of mammalian X chromosome evolution (BLAIR et al. 1994; MILLWOOD et al. 1997; BOURQUE et al. 2004 ).
Recombination rate evolution: An important observation in this study was that the recombination frequency on the collared flycatcher Z chromosome seems lower than that in chicken. Based on early linkage mapping studies in chicken, and subsequently confirmed by genome analysis, it has generally been thought that birds have high recombination rates, at least when compared to most mammals. To some extent this can be explained by an effect of the number of chromosomes; with an obligate chiasmata per chromosome or chromosome arm per meiosis needed for proper segregation, the total genetic distance of a genome should be expected to correlate with number of chromosomes. However, recombination rates (in cM/Mb) of individual chicken chromosomes are high also when compared to the rate in similarly sized mammalian chromosomes (ICGSC 2004) . Our data now suggest that high recombination rates may not be a ubiquitous feature of bird genomes, at least not the sex chromosomes. Preliminary data from microsatellite-based linkage groups in the great read warbler (Acrocephalus arundinaceus) point in a similar direction (HANSSON et al. 2005 ).
There is a body of literature on the evolution of recombination rates (see e.g. reviews by OTTO and LENORMAND 2002; RICE 2002) . It would be premature at this point to speculate on how e.g. life history differences between chicken and flycatcher could relate to differences in recombination rates between the two lineages. However, one more principal characteristic is worth mentioning. First, strong selection for particular traits is likely to be coupled with selection for high recombination rate, since the highest selective response is expected when beneficial alleles are inherited together and unfavourable combinations removed (RODELL et al. 2004) . In other words, the avoidance of Hill-Robertson interference is dependent on the rate of recombination. Empirical data from plants indicate that strong artificial selection during domestication has selected for elevated recombination rates (ROSS-IBARRA 2004) and there are observations in the same direction also among domestic animals (BURT and BELL 1987). Thus, it is possible that chicken domestication may have led to the evolution of a higher rate of recombination compared to other birds.
Conserved gene markers:
The idea of systematic use of evolutionarily conserved exonic primers spanning introns (LYONS et al. 1997) has proven useful for polymorphism ascertainment in a variety of organisms (FRIESEN et al. 1999; AITKEN et al. 2004; HELLBORG and ELLEGREN 2003) , including birds (PRIMMER et al. 2002) . The availability of the recently obtained chicken genome sequence (ICGSC 2004) now offers a huge resource of potential targets for conserved anchors in the avian genome. Since Galliformes, together with Anseriformes, likely form the most basal clade (Galloanserae) among Neognath (non-ratite)
birds (CRACRAFT et al. 2004; EDWARDS et al. 2005) , the use of chicken-derived primer sequences for amplification of orthologous sequence in a passerine bird constitutes a critical test of the applicability of chicken gene sequences in distantly related birds. The observed success ratio of 29% (39/135; to the point of obtaining flycatcher intron sequence data) is similar to that reported by PRIMMER et al. (2002 (77%; 8/41) . Clearly, however, this ratio can be increased substantially by including sequence information from another bird species in primer design.
Linkage maps are most often constructed using anonymous markers like microsatellites or, to some extent, amplified length polymorphisms (AFLP) and this applies in particular to less well-characterised non-model organisms. However, while the polymorphism content of microsatellites is clearly higher than that of SNPs, it might be anticipated that SNP-based maps will come to find an increased application in the future. First, the increasing number of completely sequenced genomes will facilitate the development of PCR-based markers in nonmodel organisms, as demonstrated in this study. Second, SNPs in genes have a clear advantage in comparative mapping, in that they make identification of synteny and conserved chromosomal segments straightforward, also as demonstrated here. Third, there is rapid progress in technology for large-scale SNP genotyping with increased throughput at decreased costs.
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CONCLUSIONS
Obtaining the genome sequence of the chicken was an important step towards increased understanding of avian biology and this study has clearly revealed the usefulness of chicken as a model organism for genetic studies of other birds. Specifically, we have demonstrated an approach by which polymorphic markers in a focal species can be developed based on sequence information from chicken and how such markers subsequently can be used for genetic mapping in a non-model organism. Moreover, our study reveals highly conserved synteny between the sex chromosomes of chicken and a passerine bird. Importantly, it should be possible to extend this approach to whole-genome coverage, selecting markers evenly distributed along all chicken chromosomes. We anticipate that this will pave the way for studies of other bird species, with the ultimate goal of using genetic maps for the identification of genes underlying phenotypic traits and the subsequent study of selection directly on genotypes instead of phenotypes. Such work is now in progress in collared flycatchers.
We 
